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We report an investigation of the structural and electronic properties of hybrid superconductor/ferromagnet 
(S/F) bilayers of composition Nb/Cu6oNi4o prepared by magnetron sputtering. X-ray and neutron reflectom- 
etry show that both the overall interfacial roughness and vertical correlations of the roughness of different 
interfaces are lower for heterostructures deposited on Al 2 O3(1102) substrates than for those deposited on 
Si(lll). Mutual inductance experiments were then used to study the influence of the interfacial roughness 
on the superconducting transition temperature, Tc- These measurements revealed a ~4% higher Tc in het¬ 
erostructures deposited on AI2O3, compared to those on Si. We attribute this effect to a higher mean-free 
path of electrons in the S layer, caused by a suppression of diffusive scattering at the interfaces. However, 
the dependence of the Tc on the thickness of the ferromagnetic layer is not significantly different in the two 
systems, indicating a weak influence of the interfacial roughness on the transparency for Cooper pairs. 


I. INTRODUCTION 


The interplay of two antagonistic states - superconduc¬ 
tivity (S) and ferromagnetism (F) - at interfaces has been 
in the focus of experimental and theoretical investigation 
for the past two decades^ 3 . Theoretical work describes 
and predicts numerous manifestations of the mutual in¬ 
fluence between the superconducting and ferromagnetic 
order parameters. These effects appear due to the os¬ 
cillating nature of the decaying superconducting corre¬ 
lations in ferromagnetic materials that are proximity- 
coupled with the superconductor. One of the most strik¬ 
ing manifestations of the interaction between both order 
parameters is a non-monotonic dependence of the criti¬ 
cal temperature for superconductivity, Tc, in S/F het- 
erostructures on the thickness of the ferromagnetic layer, 
The key parameter controlling the shape of the 
Tc{cIf) dependence is the S/F interface transparency^, 
Tsf■ For highly transparent (Tsf —> 1) S/F interfaces, 
the Tc(cIf) curve oscillates, whereas for low ( Tsf —> 0) or 
moderate ( Tsf 1$ 0.5) transparency it decays monotoni- 
cally. To date, experimental research on S/F hybrids has 
mainly focused on the dependence of parameters char¬ 
acterizing the superconducting state (including Tc and 
the critical current) on the thickness of the ferromagnetic 
layer, whereas the effect of the interfacial structure has 
remained practically unexplored. However, the charac¬ 
teristics of the interface may well be crucial for a detailed 
comparison with theoretical predictions and for the per¬ 
formance of functional S/F devices. 


In the present paper, we address this issue by studying 
how the roughness of standard substrates used in mod¬ 
ern vacuum technology (silicon and sapphire) influences 
the electronic proximity effect in S/F bilayers. We have 
used neutron and X-ray reflectometry as effective char¬ 
acterization methods of the structural properties of the 
layers and interfaces. Whereas specular reflectometry is 
a widely used method to determine the thicknesses of F 
and S layers and the root-mean-square (rms) roughness 
of the S/F interface^—, off-specular (diffuse) X-ray and 
neutron scattering is only rarely applied to S/F hybrid 
structures^— . Off-specular scattering reveals further 
important characteristics of the interfaces, including the 
in-plane and vertical correlation lengths of the roughness 
profiles. In Nb/Cu systems prepared by molecular beam 
epitaxy (MBE) and by sputtering, X-ray off-specular re¬ 
flectometry showed that the statistical properties of the 
roughness strongly depend on the deposition technique^. 
In particular, samples grown by sputtering are character¬ 
ized by roughness with high vertical correlation. Vertical 
roughness correlations were also reported for magnetron- 
sputtered [Nb/PdNi] 5 _g multilayers grown on Si(100) 
substrates^. This work demonstrated growth of the rms 
roughness with increasing number of deposited layers. 

In present work, we used X-ray (XRR) and neutron 
(NR) reflectometry to characterize the structural prop¬ 
erties of CuNi/Nb bilayers fabricated on silicon and sap¬ 
phire substrates in a single deposition run. The resulting 
information yields important insights into the electronic 
properties. In particular, the rms height and in-plane 
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correlation lengths of the interfacial roughness define the 
probability of diffuse scattering not only for neutrons and 
photons, but also for the electrons responsible for the 
proximity effects. We discuss the consequences of these 
effects for the superconducting Tc and its dependence on 
cLf- 

The paper is organized as follows. Section II gives a 
short introduction to reflectometry. The sample prepa¬ 
ration and the experimental setups are described in Sec¬ 
tion III. Section IV discusses the structural and electronic 
properties, and Section V provides a conclusion. 


II. X-RAY AND NEUTRON REFLECTOMETRY 

FigureQ]illustrates the basic scheme of our reflectomet- 
ric experiments. A beam of intensity Iq with wavelength 
A falls on a sample under the grazing incidence angle 
0\ and scatters under angle 9 2 . The detector D is used 
to measure the intensity of the scattered beam I s (9 2 ). 
For flat layered structures with properties changing only 
along z-axis, the incoming beam is scattered only if the 
specular condition [9\ = 9 2 ) is satisfied. 

In the kinematical approximation, the complex ampli¬ 
tude of specular reflection can be written as 

(1) 

where Q z = 47 t sin($i)/A is the momentum transfer in the 
direction normal to the sample surface, p = N x6 co h is the 
scattering length density (SLD), that is, the product of 
the atomic density N and the coherent scattering length 

^coh- 



FIG. 1. (Color online) Scheme of the reflectometry exper¬ 
iment on a S/F system. Rough interfaces are shown with 
wavy lines. Inplane correlation length £ and rms height of 
roughness a are the typical length and height of the roughness 
profile at certain interface. Corresponding scattering length 
density (SLD) depth profile is shown on the right side of the 
picture. 


For a single S/F bilayer with sharp interfaces depicted 
in Fig. [TJ the reflection amplitude (HI) can be re-written 
as 

A /TT 

r(Q z ) = 7 ^l-PF + (PF-psV Q * dF + 

(,PS - Po)e iQ * (dF+ds) ] (2) 

where pp, ps and po are the SLDs for the F and S lay¬ 
ers and the substrate, correspondingly. The exponen¬ 
tials in Eq. [2] lead to so-called Kiessig oscillations in the 
experimentally measured reflectivity R(Q Z ) = Io/Is = 
\ r (Qz)\ 2 - These oscillations are caused by interference 
of waves reflected from different interfaces. The period 
of oscillation, A Q, is related to the layer thickness as 
A Q = 2ir/d. Hence this method can be used for the 
direct determination of the thicknesses of the S and F 
layers. However, it follows from Eq. [2] that the sensitiv¬ 
ity of the reflectivity to a given interface depends on its 
SLD contrast. Since the S and F layers are metals, often 
with similar atomic numbers, the X-ray contrast at the 
S/F interface, (pF — Ps ), is usually small. As a result, 
XRR is mostly sensitive to the entire thickness of the S/F 
bilayer, dsF = ds + dp■ For neutrons, the contrast at the 
S/F interface is usually higher and therefore, neutron re¬ 
flectometry can be used for the precise determination of 
the parameters of the S/F bilayer. 

Expression © is valid for flat-layered systems with 
sharp interfaces. Roughness or interdiffusion leads to the 
broadening of the interface region over a range 2a. In this 
case, the corresponding amplitude of reflection from this 
interface must be corrected by the Debye-Waller factor, 
exp[—(Q- ct) 2 /2], (see Fig. [TJ. The parameter a is often 
called rms height of roughness (or simply rms roughness), 
although the specular reflectivity cannot distinguish be¬ 
tween roughness and interdiffusion. 

To this end, diffuse scattering has to be analyzed as 
well. The intensity of diffuse scattering in the Distorted 
Wave Born Approximation (DWBA)^& can be written as 


/(0i,0 2 )cx EE [ty(9 2l zi)^(9!, zi)Api}* 

l m 

X Zm)^(.@l 5 Zm)^Pm (3) 


where 'T(^i( 2 ), Zi(m)) is the amplitude of the wave func¬ 
tion of the incident (9 1 ) or scattered (9 1 ) radiation at 
the l-th (m-th) interface, calculated for the ID in-plane 
averaged SLD depth profile (distorted waves). A Pi( m ) = 
Pi—i(m—l) — Pi(m) is the SLD contrast at the l-th (ra¬ 
th) interface, Ci m {Q x ) is the Fourier transformation of 
the correlation function Ci m (x,y) = (Szi(0,0)6z m (x,y)), 
of the height fluctuations Sz at the l-th and ra-th inter¬ 
face. The auto-correlation function Cij(x,y) describes 
the statistical properties of the roughness profile on the 
Lth interface. For exponential decay of the real-space 
correlation function, this can be written asi2 


Cpi(Q x ) 


2 t r(eq£i ) 2 

(1 + (Qxtl) 2 ) 3/2 


(4) 
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where £/ is the in-plane correlation length, cq is the rms 
height of roughness at the l-th interface, and Q x = 
(27 t/A)(cos( 02) — cos(0i)) is the parallel component of 
the momentum transfer (Fig. [TJ) . Vertical correlations of 
the roughness profiles at the l-th and m-th interfaces can 
be taken into account using the out of plane (vertical) 
correlation length 

\' A (5) 

The two limiting cases A —> 0 and A —> oo describe com¬ 
pletely non-conformal and conformal roughness profiles, 
respectively. In the case of non-conformal roughness, the 
diffuse scattering from different interfaces adds incoher¬ 
ently: 

J cx ^ |' F ( 6 > 2,^)| 2 |' F ( 6 > i , z i )| 2 \&pi\ 2 C U (Q\\) ( 6 ) 

l 

As it follows from Q and © for a single interface, 
the diffuse scattering intensity of quantum particles (neu¬ 
tron, photon or electron) is proportional to the product 
of the rms height and the correlation length of rough¬ 
ness, i.e. on the total volume affected by roughness. For 
multiple interfaces with conformal roughness, the inten¬ 
sity of the diffuse scattering comprises a coherent sum 
of contributions from every interface. Similar to Kies- 
sig oscillations in specular reflection, the coherent sum 
of contributions from different interfaces generates an in¬ 
terference pattern in the diffuse scattering channel^. 

III. EXPERIMENTAL DETAILS 

The samples were prepared in a magnetron vacuum 
machine (Leybold Z-400) on Si(lll) and Al2O3(1102) 
substrates in a single deposition run at room tempera¬ 
ture. The substrates were polished before the deposition 
to rms roughness of 0.2-0.3 nm and typical in-plane cor¬ 
relation length of several tens of microns. In total three 
targets were used: pure niobium (99.99%) as a supercon¬ 
ducting material, copper-nickel alloy (60% Ni -40% Cu) 
as a diluted ferromagnet, and pure Si (99.99%) for growth 
of a protective capping layer. Sputtering was done un¬ 
der Argon (99.999%, Messer Griesheim ) atmosphere of 
8 x 10~ 3 mbar with a residual pressure in the chamber of 
about 1.5 x 10~ 6 mbar. The design of the deposition ma¬ 
chine allows growth of the entire structure in one cycle 
without disrupting the vacuum. This results in high- 
quality structures with smooth interfaces. 

In order to prevent contamination by absorbed gases 
and oxides, the targets and substrates were pre-sputtered 
for 3-5 minutes before deposition of the S/F structures. 
The deposition rates of the layers were 4.5nm/s for Nb, 
3.5nm/s for CuNi alloy, and lnm/s for Si. To obtain a 
homogeneous thickness of the deposited layers, the target 
was wobbled during the sputtering procedure. All sam¬ 
ples were covered by silicon cap layers to protect them 
against oxidation. 


Samples No. 1-4 (see Table 1) were prepared on 20 x 20 
mm 2 substrates with buffer layers of silicon deposited 
in advance. Samples 5 and 6 were prepared using the 
wedge technology^ on 70 x 7 mm 2 substrates without 
silicon buffer layers. This technology allows the synthe¬ 
sis of samples with variable thickness of the F layer and 
constant thickness of the S layer, which can be used for 
precise determination of the Tc(dp ) dependence. After 
deposition, these samples were cut into 31 (sample 5) and 
28 (sample 6) pieces. The n-th piece of the V-th sample 
(n = 5,6) will be referred to as X/n. 

The NR- and XRR-experiments were conducted on the 
combined neutron/X-ray reflectometer NREX at the re¬ 
actor FRM II (Technische Universitat Miinchen). XRR 
profiles were measured using the Cu-K a line with the 
wavelength A = 1.54A . Neutron reflectivities were mea¬ 
sured with a monochromatic beam with A = 4.3A and 
divergence 0.02°. The superconducting transition tem¬ 
perature Tq was determined by a custom-made mutual 
inductance setup by warming up the sample temperature 
from T ft: 4 K with a rate ~ O.lK/s. In this setup, sam¬ 
ples were placed between the drive and pickup coils. The 
ac driving current was 60mA at a frequency / = 1.6kHz. 


IV. EXPERIMENTAL RESULTS 

The specular X-ray reflectivities for samples 5/1, 5/10 
and 5/21 are shown in Fig. [2jr. The curves are charac¬ 
terized by a single oscillation whose period grows with 
n. The presence of only one oscillation period in XRR is 
due to the negligible contrast (around 1%) of the X-ray 
SLDs of the CuNi and Nb layers^. We fitted the experi¬ 
mental XRR data to model profiles, by varying the SLDs 
and thicknesses of the cap layer and the CuNi/Nb bi¬ 
layer, as well as the rms roughness of the surface and the 
CuNi/substrate and Si/Nb interfaces. The SLD depth 
profiles resulting from these fits are shown in Fig. ^}p, 
and the dependence of the thickness of the S/F bilayer 
on n is shown in the inset to Fig. [2ji. One can see that 
the thicknesses of the S/F bilayers for n=l samples are 
similar (dsF = 10.4 nm), and that they grow linearly 
with coefficients 1.65 nm /n and 1.86 nm /n for samples 5 
and 6, respectively. 

Since the XRR is insensitive to the properties of 
the CuNi/Nb interface, additional neutron reflectome- 
try measurements were performed on several samples. 


TABLE I. Nominal thickness of the prepared structures 


No 

ds [nm] 

dp [nm] 

substrate 

buffer 

1 

2 

8 

15 

Si 

AI2O3 

+ 

3 

4 

20 

10 

Si 

ai 2 o 3 

+ 

5 

6 

10 

0-40 

Si 

AI2O3 

- 
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FIG. 2. (Color online) Experimental (dots) and model (solid lines) X-ray reflectivity curves for samples 5/1, 5/10 and 5/21. (b) 
SLD-depth profiles for samples 5/1, 5/10 and 5/21 corresponding to the solid lines in (a). Dots in inset to (a) shows dependence 
of fit-extracted thickness of S/F bilayer on piece number n. Solid lines are fit by linear dependence. 


The neutron reflectivities measured on samples 3 and 4 
are shown in Fig. [3] One can see that sample 3 has 
more pronounced Kiessig oscillations due to the higher 
SLD of AI 2 O 3 (po = 5.7 x 10 -4 nm -2 ) compared to Si 
(po = 2.1 x 10 -4 nm -2 ). Moreover, the reflectivity of 
sample 4 has an order of magnitude lower background 
level at high Qz than the one of sample 3. The NR 
curves were fitted to model SLD depth profiles, accord¬ 
ing to the procedure described in Ref. HH. The best 
fit allowed us to extract the thicknesses of the S and F 
layers separately, as well as the rms height of roughness 
of the S/F interfaces, cr S /F = 0.5 ± O.lnrn (sample 3) 
and <Js/f = 0.3 ± O.lnrn (sample 4). The results of the 
fit show that the rms height of the S/F interface rough¬ 
ness is higher for the sample 3 on the silicon substrate. 
To demonstrate the sensitivity of the NR curves to the 
rms roughness of the S/F interface, we present in Fig. [3] 
model curves for a rougher interface with <Js/f = 1.5nm. 
One can see that change of the cjs/f parameter leads to 
noticeable disagreement between model and experimen¬ 
tal curves at Q z > lnm -1 . 

The high neutron contrast between layers of CuNi 
(pF ~ 8.5 x 10 -4 nm -2 ) and Nb (pg « 3.5 x 10 -4 nm -2 ) 
allowed us to extract separately the thicknesses of the 
S and F layers. For the wedge sample 6/27, the fit of 
the NR data yielded ds = 11.3 nm and dp = 44.6 nm. 
Comparison with the XRR data shows that the total 
thickness of the S/F bilayer derived from NR and XRR 
agrees within 5% accuracy. The thickness of the S layer 
extracted from the NR data also agrees approximately 
(within 8%) with the value estimated from XRR data 
(see inset in Fig. Hi). 

A more detailed study of the roughness profile was per¬ 
formed by analyzing the diffuse scattering intensity. Fig. 
0k, b shows X-ray detector scans for samples 1 and 2 mea¬ 
sured at constant 9\ = 0 . 2 °, which exhibit a strong peak 
for specular reflection at 62 = 0 \ and a diffuse scatter¬ 


ing tail 4-6 orders of magnitude lower in intensity. The 
diffuse scattering from sample 1 is characterized by pro¬ 
nounced oscillations (Fig. H). As discussed in Section 
II, they originate from the interference of X-rays that 
are diffusely scattered from different interfaces. Chang¬ 
ing the substrate to sapphire leads to the disappearance 
of these oscillations (Fig. |4 ]d). 

The experimental scans were compared to model cal¬ 
culations performed within the DWBA. For calculations 
of the distorted waves, we used the SLD depth profiles 
derived from the fits to the specular XRR data. Accord¬ 
ing to the fit, the rms roughness of the air /Si interface 
was 2 nm (0.6 nm), Si/CuNi was 1.8 nm (0.4 nm) and 
Nb/buffer was 0.9 nm (0.5 nm) for sample 1 (2). Again, 
one can see that the rms roughnesses of the samples de¬ 
posited on Si substrates are higher than those deposited 
on sapphire substrates. The detector scans were fitted 
varying only in-plane £ and out of plane A correlation 
lengths. The detector scan for sample 1 is well described 
by roughness with £ ~ 320nm. The presence of the os¬ 
cillations is explained by the conformity of the rough¬ 
ness profiles of different interfaces with vertical correla¬ 
tion length A ~ 50nm, which is comparable to the total 
thickness of sample 1. To demonstrate the influence of 
the parameter A 1 we show in Fig. |4ji two curves for the 
limiting cases A —> 00 and A = 0. One can see that 
for A —> 00 Kiessig-like oscillations have much deeper 
minima than in the experiment. In contrast, for A = 0 
the model curve demonstrates no oscillations, which is 
indeed the case for sample 2 (Fig. [4b). In that case the 
experimental data can be described by a roughness with 
an in-plane correlation length £ ~ 400nm without any 
vertical correlation ( i.e. A = 0). 

Samples 3 and 4 exhibit closely similar behavior. 
The two-dimensional (2D) scattering maps for them are 
shown in Fig. [4j:,d. Both maps are featured by hori¬ 
zontal and vertical sheets of enhanced diffuse scattering 













5 




FIG. 3. (Color online) Experimental (dots) and model (solid lines) neutron reflectivity curves for samples 3 (a) and 4 (b). 
The inset shows the SLD depth profiles in the vicinity of the S/F interface. Dashed lines in insets and main graphs show SLD 
depth profiles with rough CuNi/Nb interface (t ts/f = 1.5nm) and corresponding reflectivity curves (all other parameters are 
the same). 


around critical edge (so-called Yoneda scattering). The 
Yoneda scattering appears when either 9\ or d 2 is close 
to the critical edge and is explained by enhanced scat¬ 
tering on surface roughness^. The Yoneda scattering is 
also seen in Fig. [4jo,c as single peak close to the specu¬ 
lar condition. The 2D scattering map of sample 3 (Fig. 
m also shows tilted sheets of enhanced scattering in¬ 
tensity, which demonstrate conformity of the roughness 
profiles of different interfaces^. Sample 4 grown on sap¬ 
phire does not show this feature (Fig. 0i). Comparison 
of Figs. 0 and d (which were measured under identi¬ 
cal experimental conditions) demonstrates that the total 
scattering intensity of sample 3 (deposited on the silicon 
substrate) scatters more strongly than sample 4 (on the 
sapphire substrate). The 2D pictures allow us to com¬ 
pare the intensities of specular and diffuse scattering for 
both samples quantitatively. The ratio of the diffuse and 
specular scattering intensities integrated over the entire 
measured region is 0.24% and 0.15% for samples 3 and 
4, respectively. Samples on silicon substrates thus scat¬ 
ter more strongly in the off-specular direction than those 
deposited on sapphire. 

The 2D scattering maps were also measured for neu¬ 
trons. However, calculations based on the roughness pa¬ 
rameters determined by off-specular XRR and SLD depth 
profiles from specular NR show that intensity of neutron 
diffuse scattering does not exceed the level of 10 -6 io, 
which is below the background level of the NREX reflec- 
tometer. 

To study the possible influence of the interfacial rough¬ 
ness on the electronic properties and proximity effects, we 
have determined the superconducting transition temper¬ 
ature, Tc, of our samples in a mutual inductance setup 
(Fig. 0. The temperature dependence of the real and 
imaginary parts of the measured susceptibility of sam¬ 
ples 3 and 4 is shown in Fig. 0i. Transition temper¬ 


atures were defined as the midpoint of the transition of 
the imaginary part, which coincides with the center of the 
peak of the real part of the susceptibility. The transition 
temperature for the sample made on the silicon substrate 
Tc = 5.92K is in agreement with the data published 
previously^. Sample 4 made on the sapphire substrate 
exhibits Tq = 5.96 K which is ~1% higher than the value 
for sample 3. A more systematic study was performed on 
the wedge samples 5 and 6, which have the same ds and 
different dp (Fig. 0d). The thicknesses of the S and 
F layers were derived from the comprehensive analysis 
of NR and XRR data, as described above. The Tc{dp) 
curve made on the Si substrate is similar to the previously 
reported data£ which were described by calculations for 
a highly transparent ( Tsf ~ 0.6) S/F interface. As fol¬ 
lows from Fig. 0), the change of the substrate led to the 
systematic increase of Tc for the all measured dp. How¬ 
ever, qualitative changes of the Tq(dp) curve were not 
observed. Curve for the sample 5 can be obtained from 
the curve for the sample 6 by scaling with a factor 1.04. 


V. DISCUSSION AND CONCLUSIONS 

The combination of specular and off-specular X-ray 
and neutron reflectometry has provided a comprehen¬ 
sive picture of the interfacial structure of CuNi/Nb 
bilayers grown on two different substrates. We first 
discuss the origin of the difference between the two 
systems. Our data showed that both the overall 
interfacial roughness and vertical correlations of the 
roughness of different interfaces are lower for het¬ 
erostructures deposited on Al 2 O 3 ( 1102 ) substrates than 
for those deposited on Si(lll). Presence/absence of 
the buffer layer does not influence on the conformity 
of the layers growth. Conformal growth has pre- 
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FIG. 4. (Color online) The X-ray detector scans measured on the samples 1 (a) and 2 (b) at Q\ = 0.2°. Solid lines show the 
model curves for the different parameters. Experimental 2D scattering maps for the samples 3 (c) and 4 (d). Horizontal and 
vertical arrows show the positions of Yoneda scattering. Note that intensity in (c) and (d) is shown in ln-scale. 


viously been observed for Cu/Nb/Cu trilayersi^ and 
[Nb/PdNi] 5 _g periodic structures^ prepared by sputter¬ 
ing techniques on Si(100) substrates. On the other hand, 
Cu/Nb/Cu/Si(100) and Cu/V/Fe/MgO(001) samples^ 
grown by MBE did not show vertical correlation of rough¬ 
ness. To understand the reason of this behavior we must 
recall that the deposition rate of magnetron sputtering is 
one order of magnitude higher than that of the MBE pro¬ 
cess. Thus atoms sprayed onto a substrate by magnetron 
sputtering have a short time to distribute homogeneously 
over the surface. The spreading process is facilitated by 
the presence of vacancies on the substrate surface. If such 
spreading is not possible, the sputtered atoms repeat the 
roughness profile of a substrate, i.e. conformal growth 
of roughness takes place. The analysis of Si(lll) and 
Al 2 O3(1102) surface made with the program VESTA— 
shows that the packing density of atoms on the Si(lll) 
surface is two times higher than on Al 2 O 3 ( 1102 ). As a re¬ 
sult, atoms being deposited onto the sapphire substrate 
have enough time to spread on the substrate, and cor¬ 
relations between the surface of the deposited layer and 
the in-plane profile of the substrate decay rapidly. By 


contrast, atoms deposited on the Si(lll) surface spread 
more slowly, and the surface of the deposited layers thus 
repeats the substrate profile. As a consequence, the in¬ 
tegrated strength of the diffuse X-ray scattering signal, 
which is a measure of the total volume affected by rough¬ 
ness, is also larger in the films grown on silicon. 

The combined investigation of the structural and elec¬ 
tronic properties of a large series of samples also allowed 
us to elucidate the origin of the variation of the super¬ 
conducting transition temperature. Specifically, our data 
show that the interfacial roughness induced by deposition 
on different substrates influences only on the magnitude 
of Tc and does not affect the oscillating character of the 
Tc{dp) dependence (Fig. [5jo) - This implies that the 
transparency of the S/F interfaces is not noticeably af¬ 
fected by the interfacial roughness. The 4% difference in 
Tc therefore cannot be attributed to differences in the 
proximity coupling to the adjacent F layer. In principle, 
the formation of an ultrathin metallic layer (silicides or 
oxides) between the Si substrate and the Nb laye r 24 i 25 
may also lead to a reduction of Tc due to the proxim¬ 
ity between the superconductor and normal nonmagnetic 
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FIG. 5. (Color online) (a) Temperature dependence of the amplitude of the mutual inductance of samples 3 and 4. (b) 
Dependence of the superconducting transition temperature Tc on d_p for samples 5 and 6. The black solid line is a guide-to- 
the-eye. The red solid line is derived from the black one by multiplying with 1.04. 


metal. We estimate that the presence of a metallic layer 
with a thickness of 0.1-0.2 nrn could explain a 4% sup¬ 
pression of Tc 7 , as observed in our experiment (see Fig. 
20 in Ref. [261) . However, a related (albeit somewhat 
smaller) suppression of Tc was also observed in samples 
3 and 4, where the niobium layer was not in direct contact 
with the substrate, but instead with a silicon buffer layer. 
We also may exclude influence of the different lattice con¬ 
stants for Si and AI 2 O 3 substrates, since previous studies 
have shown that the non-epitaxial growth of a niobium 
film goes in the direction (110) with spacing 0.23 nrn not 
strongly depending on substrate (Sii£, or glassi^) 

or even deposition technique^. 

We therefore conclude that the difference of Tc in the 
two systems primarily originates in the effect of interfa¬ 
cial roughness on the superconducting properties of the 
Nb layer, independent of its proximity to adjacent lay¬ 
ers. Our data show that both the overall roughness and 
its vertical correlations are larger in the samples grown 
on Si. Diffusive electron scattering from rough interfaces 
is expected to reduce the electron mean free path in Nb 
layers deposited on Si relative to those deposited on sap¬ 
phire. Previous work on superconducting films of various 
transition metals has shown that such diffuse scattering 
of electrons can reduce Tc , if the thickness of the layer 
is comparable to the superconducting coherence length, 
^ g 27 i 28 . The reduced mean free path smoothes out char¬ 
acteristic maxima in the electronic density of states, and 
hence reduces the density of states at the Fermi level 
N(Ep). Indeed, for samples 5 and 6 with ds — ~ 10 

the effect of Tc-suppression reaches 4%. For sam¬ 
ples 3 and 4 with two times larger ds the suppression of 
Tc is only 1 %. 

In conclusion, the comprehensive characterization of 
the interfacial structure through complementary X-ray 
and neutron reflectometry experiments has allowed us 


to gain insight into the origin of differences in the elec¬ 
tronic properties of S/F heterostructures grown on dif¬ 
ferent substrates. The methodology we have described 
here may well prove more generally useful in research 
on electronic devices, where the influence of interfacial 
roughness and composition on the device performance is 
often poorly understood. 
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